This study investigated blood pressure in 1,183 Chinese nuclear families (mother, father, and first two children) via a cross-sectional 1994-1997 survey. The mother's, the father's, and the first sibling's blood pressures were each significantly and independently related to the second sibling's blood pressure after adjustment for sex, age, height, weight, education, smoking, and alcohol consumption. The association was consistent across the four age strata (6-10, 11-14, 15-19, and >20 years). The rate of high systolic blood pressure in the second sibling was lowest (2.3%) when both parents and the first sibling were in the low blood pressure tertile (low-low group) and highest (26.0%) when these family members were in the high blood pressure tertile (high-high group). The rate was intermediate if only the parents (10.7%, high-low group) or the first sibling (8.4%, low-high group) was in the high blood pressure tertile. As compared with the low-low group, the odds ratios for the high-high, high-low, and low-high groups were 14.3 (95% confidence interval 4.3-48.2), 4.3 (95% confidence interval 1.2-15.6), and 3.9 (95% confidence interval 1.1-14.4), respectively. A similar pattern was found for diastolic blood pressure. The data indicate a strong familial aggregation of blood pressure in this population and show that such a familial influence on blood pressure can be detected from early childhood onward. Am J Epidemiol 1999; 149:412-20. blood pressure; hypertension; nuclear family; regression analysis
blood pressure tend to maintain that level throughout childhood (5) (6) (7) (8) . A number of reports have implicated intrauterine growth retardation and low birth weight as risk factors for high blood pressure in children and adults (9) (10) (11) . However, it is currently impossible to identify which children will have essential hypertension as adults.
Essential hypertension is generally believed to be a multifactorial disorder resulting from the interaction of genetic and environmental factors. Researchers have long perceived that the incidence of hypertension and related complications may have a genetic component. In adults, familial aggregation of blood pressure among first-degree relatives has been demonstrated frequently (12) . However, relatively few such observations have been made about children (13) (14) (15) . The sibsib correlation of systolic blood pressure has been reported to range from 0.16 to 0.34 (13) (14) (15) , with a slightly lower (0.15-0.16) parent-child correlation (15) (16) . Few studies have investigated the combined relation between parental and first-sibling blood pressure and the risk of high blood pressure in subsequent siblings. While available data suggest a detectable familial influence on blood pressure as early as infancy (16) , few studies have examined whether the magnitude of the parent-child and sib-sib associations varies with a child's age. Body size, smoking, dietary patterns, and physical activity are known to influence blood pressure in adults. However, these factors generally have not been considered in studies of blood pressure in children.
Researchers from the Harvard University School of Public Health in Boston, Massachusetts, in collaboration with the Anqing public health bureau in Anqing, China, conducted a large-scale, community-based study to examine major environmental and genetic risk factors for chronic diseases, including hypertension. We studied 1,183 nuclear families (including the mother, the father, and their first two children). Our goal was to investigate the independent relation of the blood pressures of these four family members and to assess whether this relation was influenced by the characteristics of each person, including sex, age, height, weight, educational level, smoking status, and alcohol consumption. We were particularly interested in whether there was an interactive relation between the blood pressures of the parents and the first sibling and the blood pressure of the second sibling and whether such a relation varied from early childhood to adolescence and into early adulthood.
MATERIALS AND METHODS

Study site
The rural community of Anqing was selected for several reasons. Settled 2,000 years ago, this representative rural area (whose major agricultural products are cotton and grain) has an extremely stable population (given the lack of public and private vehicles other than bicycles), a relatively homogeneous ethnic character, and a universally spoken local dialect. Anqing has been the site of dozens of epidemiologic studies, which has allowed the methods and equipment used in this study to be validated and has provided important baseline data on the population and the environment (17, 18) .
Study population
The study population consisted of residents of four Anqing counties (Wangjiang, Huaining, Zhongyang, and Qianshan). A total of 2,056 nuclear families were selected on the basis of the following criteria: 1) both parents were alive, and 2) each family had at least two children. All family members currently residing in the study area were invited to participate in this household-based community survey. Persons who had died, had moved, or were not long-term residents were excluded. Thus, our analysis was restricted to 1,183 nuclear families in which 1) both parents and at least two children participated in the study on the same day, and 2) at least one child was less than 35 years of age.
Procedures
The survey was conducted between April 1, 1994, and October 31, 1997. The survey team was made up of locally hired interviewers who were fluent in the dialect of the region and faculty members from Anhui Medical University. A letter explaining the purpose of the study was sent to each participant. Local officials and health centers arranged for interviews and measurements to take place at the central office at times convenient for participants, and additional visits were requested with subjects whose initial interviews resulted in missing or ambiguous data.
All measurements were made by trained, certified examiners, and subjects first removed their shoes and outerwear. Height was measured to the nearest 0.1 cm by using a portable stadiometer. Weight was measured to the nearest 0.1 kg with the subject standing motionless on the scale. Blood pressure was measured by a nurse according to standard procedures (19) . The right arm was used for all blood pressure measurements, with the cubital fossa supported at heart level after the subject had voided, rested, and been seated comfortably for 10 minutes. Three pediatric cuffs of different sizes, as well as standard adult cuffs, were available. A standard clinical sphygmomanometer was used, with the bell of the stethoscope placed over the brachial artery pulse, proximal and medial to the cubital fossa and below the bottom edge of the cuff. Systolic blood pressure was defined as Korotkoff phase I (appearance of sound), and diastolic blood pressure was defined as Korotkoff phase V (disappearance of sound). Three measurements were taken for each subject, with at least 30 seconds between readings. The mean of the three values was used in the analysis.
The questionnaire contained two forms: one for adults (aged >14 years) and one to be completed by parents of children (aged <14 years). In each case, the questionnaire was administered by a trained interviewer. Detailed information was collected on demographic characteristics, active and passive smoking, alcohol consumption, diet, physical activity, and environmental/occupational exposures.
Statistical methods
The outcome variables were systolic and diastolic blood pressure. Differences in blood pressure based on sex have been well documented and existed in this population. Because age and body size are the most important determinants of blood pressure in childhood and adolescence (20) , sex, age, height, and weight, along with smoking status, alcohol consumption, and educational level (the known risk factors for hyperten-sion in adults), were included as controlling variables in all analyses.
Our analyses were conducted in several stages. First, we investigated the correlation of blood pressure among family members. For each of the four members, we developed predictive models of systolic and diastolic blood pressure, with adjustment for the controlling variables, and calculated percentage-predicted values. We computed the crude and adjusted correlation coefficients of systolic and diastolic blood pressure among the four family members; the adjusted values were based on each person's percentage-predicted value estimated by using the regression model. Since the mother-child blood pressure correlation was occasionally higher than the father-child correlation (21, 22) , both correlations were assessed.
We also investigated the independent relation between the mother's, the father's, and the first sibling's blood pressures and the second sibling's blood pressure by using a series of general additive models, entering adjustment variables sequentially. In this study, the age range (6-34 years) of the second siblings spanned childhood, adolescence, and early adulthood. To determine whether the relation between parental and first-sibling blood pressures and second-sibling blood pressure varied with the second sibling's growth and development stage, we repeated the analyses by using the age groups 6-10, 11-14, 15-19, and >20 years.
We used multiple logistic regression to analyze the risk of high blood pressure (defined as higher than the 90th percentile of the percentage-predicted values) in the second siblings in nine groups on the basis of the blood pressure status of the parents and first siblings (defined in low, middle, and high tertiles of percentagepredicted values). We assessed parental blood pressure by determining the mother's blood pressure fertile, the father's blood pressure tertile, and the mean of the father's and the mother's blood pressure tertiles. In the model, we simultaneously adjusted for the father's blood pressure when we evaluated the mother-first sibling interaction and for the mother's blood pressure when we evaluated the father-first sibling interaction.
Our assessment of the interaction between parental blood pressure and first-sibling blood pressure and that of the second sibling was based on the following two states: Let OR denote odds ratio and consider two factors, A and B. The first state is "no interaction on an additive scale," that is, OR(AB) -OR(A) -OR(B) +1=0. We determined that an interaction existed on an additive scale if the joint effect deviated from the first state. As pointed out by Kleinbaum et al. (23) , in terms of addressing public health concerns about reducing the frequency of disease, deviation from additivity appears to have the most relevance. The second state is "no interaction on a multiplicative scale," that is, OR(AB) = OR(A) x OR(B). We determined that an interaction existed on a multiplicative scale if the joint effect deviated from the second state. Since multiplicative relations are anticipated as a result of using a variety of basic biologic models, including polygenes, analysis of multiplicative models often contributes to the understanding of disease etiology. In this study, we were interested in both public health significance and disease etiology; therefore, we evaluated the interaction on both additive and multiplicative scales. All p values were two-tailed.
RESULTS
The sample for analysis consisted of 1,183 nuclear families (4,732 persons) for whom data on blood pressure and major covariates were complete. Mean values and standard deviations of age, height, weight, and systolic and diastolic blood pressure for the father, the mother, and the first and second siblings are presented in table 1. The mean age of the second siblings was 18 years (range, 6-34 years). Also shown for each family member are smoking status, alcohol consumption, and educational level. The prevalence of smoking and alcohol consumption was high among fathers but much lower among mothers and siblings. Of note, the illiteracy rate (<4 years of education) among the mothers was very high (85.4 percent).
Crude and adjusted mother-father, parent-child, and sib-sib correlation coefficients of systolic and diastolic blood pressure are presented in table 2. As shown, the patterns for systolic and diastolic blood pressure were similar. The adjusted were somewhat lower than the crude correlation coefficients but remained statistically significant (p < 0.01). The sib-sib correlation coefficient was greater than the parent-child correlation coefficient, and there was no significant difference between mother-child and father-child correlation coefficients.
By using general additive models with a sequential adjustment for covariates, we first quantified the individual relation between the mother's, the father's, or the first sibling's blood pressure and the second sibling's blood pressure (univariate models, table 3). We then quantified the independent relation by simultaneously including all three predictive variables in the model (multivariate models, table 3). Separate analyses were performed for systolic blood pressure and diastolic blood pressure. The regression coefficients in multivariate model III (with adjustment for all covariates of the mother, the father, the first sibling, and the second sibling (table 3)) were somewhat lower than those in univariate model I (without adjustment for any covariate (table 3) ). Nevertheless, the data indicated that the mother's blood pressure, the father's blood pressure, and the first sibling's blood pressure each had a significant and independent association with the second sibling's blood pressure. For the mother and the father, the magnitude of the association was similar but smaller than that for the first sibling.
To assess whether these associations varied according to the second sibling's stage of growth and development, we repeated our analyses for the following four age groups: 6-10, 11-14, 15-19, and >20 years. The age-specific regression coefficients derived from the multivariate model (same as multivariate model III in table 3) are shown in table 4. The overall trend and magnitude of the associations were consistent across the age strata. Of interest, the data appear to indicate that sibship associations attenuated slightly with increasing age.
We then evaluated the combined association of the parents' and first sibling's blood pressure values with the risk of high blood pressure in the second sibling. We studied nine groups defined by the blood pressure tertile of the parents (the mean value for mother and father) and the first sibling on the basis of percentagepredicted values. Figure 1 depicts the percentages of high systolic blood pressure in second siblings in each of the nine groups studied. The rate was lowest (2.3 percent) when both the parents and the first sibling were in the low tertile (low-low group) and highest (26.0 percent) when both the parents and the first sibling were in the high tertile (high-high group). The * Models l-lll are hierarchical; systolic blood pressure and diastolic blood pressure were modeled separately. t P, estimated relation of parental and first-sibling blood pressure to second-sibling blood pressure (mmHg). X DBP, diastolic blood pressure; SBP, systolic blood pressure; SE, standard error. rates were intermediate if only the parents or only the first sibling was in the high tertile (10.7 percent for the high-low group, 8.4 percent for the low-high group). A similar pattern was found for diastolic blood pressure (data not presented). The adjusted odds ratios and 95 percent confidence intervals for high blood pressure in second siblings in each of the nine groups are shown in table 5. To evaluate systolic blood pressure, we used the odds ratio for the low-low group as the reference value (1.0) and found that the odds ratios for the high-high, high-low, and lowhigh groups were 14.3 (95 percent confidence interval 4.3-48.2), 4.3 (95 percent confidence interval 1.2-15.6), and 3.9 (95 percent confidence interval 1.1-14.4), respectively. To assess whether there was an interaction on the additive scale, we computed as follows: OR(highhigh) -OR(high-low) -OR(low-high) + 1 = 14.3 -4.3 -3.9 + 1 = 7.1, which suggested an obvious deviation from additivity, in other words, an interaction on the additive scale. To assess whether there was an interaction on the multiplicative scale, we computed as follows: OR(high-low) x OR(low-high) = 4.3 x 3.9 = 16.8, which is close to OR(high-high) = 14.3, which suggested that the joint effect was approximately multiplicative but that no interaction existed on the multiplicative scale.
We used a similar approach to evaluate diastolic blood pressure. We found that the joint effect of parental blood pressure and first-sibling blood pressure on the risk of high blood pressure in the second sibling exceeded not only that expected from an additive effect but also that expected from a multiplicative effect, suggesting an interaction on the multiplicative scale.
Since the joint association of the mother's and the first sibling's blood pressures may differ from that of the father's and the first sibling's blood pressures, we examined the joint associations of mother-first sibling and father-first sibling separately (table 5 ). In the model, we simultaneously adjusted for the father's blood pressure when we evaluated the mother-first sibling interaction and for the mother's blood pressure when we evaluated the father-first sibling interaction. For systolic blood pressure, our data indicated that the joint association of mother-first sibling was stronger than that of father-first sibling. In addition, there was an interaction, at least on an additive scale, for both associations. For diastolic blood pressure, the joint association of mother-first sibling was similar to that of father-first sibling, and both suggested an interaction on the multiplicative scale.
DISCUSSION
Consistent with previous investigations, this study showed significant parent-child and sib-sib blood pressure correlations. More importantly, it revealed several new findings. First, the mother's, the father's, and the first sibling's blood pressures were each significantly and independently related to the second sibling's blood pressure. These findings were consistent across the four age strata (6-10, 11-14, 15-19 , and >20 years). Second, the data suggest an interaction between parental blood pressure and first-sibling blood pressure and the risk of high blood pressure in the second sibling on the additive scale for systolic blood pressure and on the multiplicative scale for diastolic blood pressure, even after adjustment for age, sex, education, height, weight, cigarette smoking, and alcohol consumption. Our data provide strong evidence of a familial aggregation of blood pressure and support the notion that a familial influence on blood pressure can be detected from early childhood onward (13) (14) (15) (16) .
Blood pressure is considered a genetically complex trait and can be attributed to multiple genes and environmental factors (24) . The recognition that a substantial fraction of the variation in human blood pressure is determined genetically derives from epidemiologic studies of familial aggregation, from studies comparing the blood pressures of monozygotic and dizygotic twins, and from adoption studies comparing the blood pressures of biologic and adoptive siblings (12, 25) . Thus far, mutations in at least 10 genes have been shown to alter blood pressure (25) . The finding of a strong familAm J Epidemiol Vol. 149, No. 5, 1999 ial aggregation of blood pressure in this population indicates the need for further investigation into genetic determinants of blood pressure. Since our data suggest differential interactive relations for mother-first sibling and father-first sibling, as well as for systolic blood pressure and diastolic blood pressure, future genetic studies should include information on both the mother and the father and analyze systolic and diastolic blood pressure separately. On the other hand, the consistently higher sib-sib association compared with the parentchild association suggests that shared environment (beyond those environmental factors adjusted for in the model) is also important. This study population offered a unique opportunity to assess the genetic determinants of blood pressure.
Since use of antihypertensive medication is rare in this rural population, it was possible to determine a subject's true (untreated) blood pressure. The resident population is stable and homogeneous. Families are relatively large. In addition, the rural environment, the abundance of physical activity, and the high fiber and high carbohydrate content of the diet contrast sharply with the conditions found in typical urban settings of the United States.
The major limitations of our study were its crosssectional design and potential information bias regarding dietary and environmental/occupational variables, given that data were collected by interview. The effect of birth weight and gestational age on blood pressure in this population could not be assessed because releAm J Epidemiol Vol. 149, No. 5, 1999 vant data were not available. Nevertheless, our sample was fairly large, a quality control procedure was used systematically and consistently, and blood pressure was measured objectively.
During the past two decades, the relevance of childhood blood pressure measurements to pediatric health care and to subsequent development of adult essential hypertension has received increasing attention (4) . Ample evidence now supports the concept that essential hypertension is rooted in childhood. Although it is generally agreed that early essential hypertension poses little immediate risk to most children, evidence from preliminary studies of children and adolescents has shown cardiac ventricular changes consistent with an adverse effect of mild hypertension (26). Our data reiterate the importance of obtaining relevant family history and blood pressure measurements during routine pediatric health visits. Early identification of children at high risk of developing essential hypertension as adults enables earlier initiation of preventive and therapeutic measures.
In summary, our data suggest a strong familial aggregation of blood pressure in this rural Chinese population, and such a familial influence on blood pressure can be detected from childhood onward. Health providers should recognize that a child's risk of high blood pressure is related to the blood pressure status of both the parents and the siblings. More importantly, children from families in which both the parents and the siblings have high blood pressure are at a disproportionally higher risk of hypertension. Such information should help parents and health providers decide on a course of clinical assessment and management consistent with each person's risk. Research should be encouraged to elucidate the biomedical, social, and environmental pathways that contribute to the familial aggregation of hypertension. Identification of these pathways may help us to better understand the etiology of hypertension and may lead to better strategies for early prevention, identification, and treatment.
